In the present work the influence of the distance of the protonatable site of different ancillary ligands to the metal center on the luminescence quenching of Re I polypyridyl complexes by hydroquinone are evaluated by means of experimental and theoretical studies. In these systems, it is expected the occurrence of proton-coupled electron transfer (PCET) reactions upon excitation, which is a key process in solar-to-fuels energy conversion. The series fac-[Re(CO) 3 (2,2-bpy)(L)]PF 6 , L = pyridine, 1,4-pyrazine, 4,4'-bipyridyl, 1,2-bis-(4-pyridyl)ethane were synthesized and the luminescence quenching rate constant (k q ) by hydroquinone in CH 3 CN and 1:1 CH 3 CN/H 2 O were determined by steady-state and lifetime measurements. In bare acetonitrile, the 1,4-pyrazine exhibits the higher k q (3.49 ± 0.02) × 10 9 L mol -1 s -1 among the species investigated, followed by 4,4'-bipyridyl (k q = 2.50 ± 0.02) × 10 9 L mol -1 s -1
Introduction
Proton-coupled electron transfer (PCET) plays a key hole in several chemical and biological systems and there is a growing interest in understanding its mechanisms. [1] [2] [3] [4] For example, one can cite the importance of PCET in key reactions in photosynthesis (equation 1), 5 in which the transfer of 12e − and 12H + are driven by at least 24 photons 6 or photo-driven solar fuels production through water splitting (equation 2), 7 or solar driven water reduction of CO 2 to hydrocarbons (equation 3). 2 Natural photosynthesis leads to an impressive energy storage, with ca. 10 11 tons of carbon stored annually and ca. 10 18 kJ of energy. All these processes involve the accumulation of multiple redox equivalents through PCET in a catalytic center in such a way that no high reactive radical intermediates are formed. Thus, mechanistic studies on photo-driven PCET reactions are especially valuable for the development of artificial systems able to mimic the natural photosynthesis and convert solar energy into fuels. Different theoretical aspects of PCET have been studied in different systems as summarized by Huynh 8 and, more specifically for d 6 
Among the different chemical species that can undergo photon-driven PCET, d 6 metal complexes call special attention due to their high visible light absorption, synthetic flexibility and chemical stability. 3 Despite their well-known photoredox chemistry, acid/basic character can be added by the corrected choice of the ligands aiming the occurrence of combined proton/electron transfers. These species generally exhibit long-lived luminescent metal-to-ligand ( 3 MLCT) excited states in fluid solution, enabling the investigation of PCET by emission quenching studies, while possible intermediates are probed by transient absorption spectroscopy. Different reports can be found in the literature involving Ru II polypyridyl complexes [12] [13] [14] [15] [16] and, more recently, Re I tricarbonyl diimines [17] [18] [19] [20] [21] and Ir III complexes. 22, 23 Phenols have been typically used as quenchers in these studies, partly by their relevant function in biological systems, but also by its simplicity which make mechanistic investigations easier.
In this work, we focus our attention in the PCET reactions of Re I tricarbonyl polypyridyl complexes with hydroquinone (H 2 Q) (Scheme 1). MLCT excitation of Re I complexes leads to reductive quenching of the luminescence by hydroquinone and a proton release to yield the semiquinone radical (HQ • ). The reaction can occur basically by three different pathways that include electron transfer (ET) followed by proton transfer (PT), ET-PT, proton transfer followed by electron transfer (PT-ET) and the concerted electron-proton transfer (EPT), in which electrons and protons are transferred simultaneously. The EPT pathway avoids the formation of reaction intermediates and frequently represents a relatively low energy barrier pathway. Identification of the PCET mechanism for a given system requires a thermodynamic analyses (redox potentials, acidity constants), along with transient studies and observation of kinetic isotope effects (KIE).
In a first study on these systems, Stewart et al. 24 have 25 In these series the protonatable site was the remote N-atom in the bpa ligand and the complexes with phen and dpq as ligand exhibited PCET chemistry in 1:1 CH 3 CN/H 2 O. In this manuscript, we have synthesized a series of Re I complexes (1-4 in Scheme 1) with very similar 3 MLCT energies to evaluate how the distance between the metal center and the protonatable site can affect the mechanism of luminescence quenching by hydroquinone and the PCET chemistry.
Experimental

Materials
All solvents employed in the spectroscopic studies were high-performance liquid chromatography (HPLC) grade. Anhydrous acetonitrile (Aldrich) was used as solvent in all electrochemical measurements. [ClRe(CO) 5 ], 2,2'-bipyridyl (2,2-bpy), pyridine (py), pyrazine (pz), 4,4'-bipyridyl (4,4-bpy), 1,2-bis-(4-pyridyl)ethane (bpa), ammonium hexafluorophosphate, trifluoromethanesulfonic acid, tetrabutylammonium hexafluorophosphate, deuterion oxide and hydroquinone were purchased from Aldrich and used as received. Ultrapure water (conductivity of 0.055 S cm -1 at 25 °C) was employed in all experiments. . Quenching rate constants reported are average results of three independent experiments at least.
Emission lifetimes and time-resolved emission quenching experiments were obtained in a homemade system previously described. 25, 28 Samples were pumped with the third harmonic (355 nm) of an Nd:YAG pulsed laser (Quantel Brio, 5ns FWHM; 20 Hz repetition rate). The measurements were performed in argon degassed acetonitrile or 1:1 CH 3 CN/H 2 O solutions placed in a 1.000 cm quartz cuvette and with similar concentrations employed in the steady-state experiments. The reported lifetimes are the average results of 50 decay traces probed at the respective emission maxima.
Computational details
The calculations were done using the functional density theory (DFT) and its time-dependent (TD-DFT) approach, applying the m06 functional. 29 The structure of the ground state was optimized using the segmented all-electron relativistically contracted atomic basis, combined to the Douglas-Kroll-Hess (SARC-DKH) for rhenium(I) 30, 31 and Def2-TZVPP (orbitals with effective core potential) for the other elements. 32 The structures, after optimization, did not show imaginary vibrational frequencies. The vertical absorption spectrum (60 singlet excited states) and the energy of some of the lowest triplet non-relaxed states were also computed. All calculations were performed using the solvation model IEFPCM (5) to describe the solvation of the complex in acetonitrile. All calculations were done using Gaussian09 revision E.01. 33 
Synthesis
The syntheses of fac-[Re(CO) 3 (2,2-bpy)(L)]PF 6 (Scheme 1) were performed following the procedures described in the literature 34 
Results and Discussion
Spectroscopic and photophysical characterization
The electronic spectra of the four complexes investigated in this work are presented in Figure 1 . One can observe that the electronic spectra of these Re I complexes are very similar. At higher energy, light absorption is dominated by internal transitions of the pyridyl ligands, while the lowest absorption bands are broad with molar absorptivity in the order of 10
, which is typical of metal-to-ligand charge transfer transitions (MLCT). 34, 35 The lowest energy absorption maxima for all four complexes do not vary significantly, which is expected since the MLCT transition should occur from the Re I metal center to the π* orbitals in the 2,2'-bipyridine. The complexes 1 and 4 exhibit MLCT bands broader and slightly red-shifted in relation to those for the complexes 2 and 3. This observation can be explained by the stronger π back donation in the complexes 2 and 3, in which the pyrazine ring in the former and the resonant 4,4'-bipyridyl ligand in the latter act as better electron acceptors than the single pyridyl ring in complexes 1 and 4.
Data from TD-DFT calculations corroborate with these conclusions. The most important configurations of the states associated to the low energy absorption bands are listed in the Table 1 . The isosurface plots of the frontier orbitals involved in these transitions are shown in Figure 2 . For complexes 1 and 4, the ancillary ligands (py and bpa) have a negligible influence on the low energy electronic transitions, which involve basically orbitals centered on the metal and in the 2,2-bipyridine ligand. On the other hand, for the complexes 2 and 3, one can observe a strong influence of pyrazine and 4,4'-bipyridine on the frontier orbitals.
In complex 2, the electron density in the HOMO (highest occupied molecular orbital) is spread between the d orbitals of Re I and the pyrazine rings, with a reasonable contribution of the non-ligand electron pair in the free N atom (see Figure 2) . As for the complexes 1 and 4, the LUMO (lowest unoccupied molecular orbital) in 2 is centered in the π* orbitals of 2,2-bpy, but the LUMO+1 is formed almost exclusively by π* orbitals of pyrazine. As listed in the Table 1 , the low energy absorption band is a complex mixture of several transitions involving more internal orbitals, such as HOMO-4, but it is noteworthy to note the contribution of LUMO+1. Thus, it can be concluded that for complex 2 the low energy absorption band is a combination of charge transfers from the metal center to both, pyrazine and 2,2-bpy, with some contribution of n-π* internal transition of pyrazine, IL (pz) .
The contribution of the ancillary ligand to the lowest energy transitions reaches a maximum in the complex 3, in which the LUMO is not centered at the π* orbitals of 2,2-bpy, but is composed by π* orbitals of 4,4-bpy.
The electronic transition with the highest oscillator strength is S 0 → S 3 , corresponding to a charge transfer from the metal to 2,2-bpy (88.2%) and to 4,4-bpy (11.8%). This result agrees very well with ns-transient absorption studies performed by Meyer and co-workers 24 in which an intramolecular electron transfer from 2,2-bpy to 4,4-bpy was identified after MLCT excitation of fac-[Re I (CO) 3 (2,2-bpy)(4,4-bpy)] + in the presence of hydroquinone (equation 4). As the LUMO is composed by π* orbitals of 4,4-bpy, the photoexcited electron transfer should increase the basicity of this ligand, influencing directly the proton transfer. Further information on the thermodynamics of possible MLCT-state PCET can be obtained from electrochemical and luminescence data. The first oxidation and reduction electrochemical potentials of the investigated complexes are listed in Table 2 , along with their luminescent properties in acetonitrile at room temperature. The values are in good agreement with values reported in the literature. [36] [37] [38] The first oxidation peak for the complexes are non-reversible and ascribed to Re I /Re II oxidation, being experimentally similar for all complexes. At negative potentials the redox activity is dominated by the reduction of pyridyl ligands. 
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Influence of the Protonatable Site in the Photo-Induced Proton-Coupled Electron Transfer
All species exhibit luminescence in acetonitrile at room temperature. In the emission spectra ( Figure S1 , Supplementary Information), one can observe a broad emission band, with very close emission maxima. For the complex 2, the emission peak is slightly blue-shifted in relation to the other complexes and, as a result, its emission quantum yield as well as emission lifetime are higher, as predicted by the energy gap law. 27, 39 Radiative decay rate constants calculated as k r = ϕ/τ 0 vary from 2.00 to 2.86 × 10 5 s -1 and follow the order 3 < 1 ≅ 2 < 4. The reduction potentials of the 3 MLCT-excited complexes (E* red vs. Fc + /Fc) can be estimated by adding the energy of MLCT state (emission maxima in eV) to the respective ground-state one-electron reduction potentials. 40 It can be concluded from electrochemical and luminescence data that the driving force for the electron transfer to the 3 
Quenching studies
As shown in the Figure 3 for the complex 4, the 3 MLCT luminescence intensity and lifetime of the Re I complexes are quenched by hydroquinone in net acetonitrile and in 1:1 CH 3 CN/H 2 O mixture at 298 K. Similar behavior is observed for the complexes 1-3 ( Figures S2, S3 and S4 of Supplementary Information, respectively) . Moreover, the quenching process for the different Re I complexes can be fitted to the Stern-Volmer kinetics model (equation 5) , in which S 0 , τ 0 and S, τ are the corresponding emission intensities (calculated as the area under the spectra) and lifetimes observed, respectively, in the absence and presence of different hydroquinone concentrations ([H 2 Q]) and k q is the quenching rate constant. The experimental fits obtained for all complexes in different media are shown in Figure 4 . The Stern-Volmer kinetic behavior indicates that the dynamic mechanism is the main reaction pathway in the experimental conditions employed, with none (or very small) influence of the ground state preassociation step through a hydrogen bonding between the hydroquinone and the complexes 2-4, followed by a photoinduced EPT. Taking the acidity constants for the free protonated ligands (pKa = 0.37, 4.4, 5.2, respectively, for pz, 4,4'-bpy and bpa) 41, 42 and for the hydroquinone (pKa = 10.8), 43 the PT-ET pathway can be ruled out. Therefore, it can be concluded that the major PCET mechanism for the excited state quenching of the investigated Re I complex by hydroquinone is the ET-PT pathway.
(5) The quenching rate constants (k q ) obtained from the linear fittings from both, emission intensities and lifetimes, are summarized in the Table 3 . The complex 2 exhibits the higher k q in acetonitrile, followed by complex 3. For comparison, the values obtained for 3 in CH 3 CN are slightly above to (1.8 ± 0.2) × 10 9 L mol -1 s -1 reported by Stewart et al. 24 Considering the values obtained by lifetime measurements, the species 1 and 4 show experimentally similar quenching rate constants, being the lowest ones among the investigated series. As the medium is changed from acetonitrile to 1:1 CH 3 CN/H 2 O mixture, one can observe an increase in all rate constants. This behavior can be explained by the role of water as proton acceptor following the electron transfer from hydroquinone to the electronic excited Re I complexes. As one electron is transferred from H 2 Q to the complexes, the protonated semiquinone radical (H 2 Q
•+ , pKa = −1) 6 can release a proton to the water molecules. When only acetonitrile (pKa = −4.5) is used as solvent, the proton release to the medium is thermodynamically non-spontaneous. It is also interesting to observe how closer are the values of k q for the different complexes in 1:1 CH 3 CN/H 2 O in comparison to those obtained in acetonitrile, indicating that as a proton acceptor is added to the medium the observed rate constant should be close to the diffusion limit.
It is noteworthy to observe that the enhancement of the magnitude for the quenching rate constant due to addition of H 2 O is different for the complexes investigated and highlights the influence of the ancillary ligand on the PCET process. While for the complex 2, k q is increased only 12% as water is introduced in the reaction medium, this enhancement is of 32% for 3, 50% for 1 and 57% for 2 (percentage increments calculated as average of the variations observed for the intensity and lifetime measurements). In complex 1, there is no protonable site, thus the proton transfer step in acetonitrile strongly decreases the observed rate constant. As a base (water) is introduced to the medium, the energy barrier for the proton transfer is diminished and a significant increase in the observed rate constant is observed. Surprisingly, for the complex 4, a very similar behavior occurs. It means the proton transfer for the non-coordinated nitrogen atom of the bpa ligand should not play an effective role on photoinduced PCET process. Different from the observed for 4,4'-bpy and for pyrazine, the non-coordinated pyridyl ring in bpa has negligible electronic interaction with the metal center in 4, thus MLCT excitation should not produce any substantial changes in its basicity.
For complexes 2 and 3, much smaller enhancements in k q are observed as the reaction medium is changed from CH 3 CN to 1:1 CH 3 CN/H 2 O, which indicates that the proton transfer for these Re I complexes has smaller energy barriers in bare acetonitrile than that for 4. In complexes 2 and 3, TD-DFT calculations have shown that MLCT excitation leads to population of LUMO and LUMO+1. In 3, the LUMO is centered in the 4,4'-bpy ligand, which is the final electron acceptor as shown before. 24 Thus, MLCT excitation of 3 improves the basicity of 4,4'-bpy and further protonation by H 2 Q
•+ leads to stabilization of the reaction products. In 2, the LUMO is centered in the 2,2'-bipyridyl ligand, but the LUMO+1 is centered in the pyrazine ligand. The energy difference for these states is estimated to be 0.28 eV (for 3, the energy gap between LUMO and LUMO+1 is 0.41 eV).
Thus, it can be expected that MLCT excitation on 2 also increases the basicity of the coordinated pyrazine ligand, leading to an increase in the driving force for the proton transfer, following the electron transfer.
It is also interesting to note that the quenching rate constant for 2 in CH 3 CN is higher than that for 3. To further investigate the origin of this difference, it was determined the quenching rate constants for these complexes by hydroquinone in 3:1 CH 3 CN/H 2 O and in CH 3 CN/D 2 O ( Figure 5 ) in such a way that the KIE can be obtained. For 2, a KIE of 1.2 ± 0.1 was determined, while for 3, it was found a KIE of 1.1 ± 0.1, in accordance to the values reported by Steward et al. 24 (KIE = 1.1 in 1:1 CH 3 CN/X 2 O, X = H or D). For reference, the KIE found for 1 determined under similar experimental conditions was 1.0 ± 0.1.
The experimental variations make difficult to take decisive conclusions on the isotope effect. As the ET-PT is likely the major pathway in the quenching reaction, it is not expected significant isotope effects, as previous discussed by Mayer and co-workers. 44 Nevertheless, the slightly superior KIE value found for 2 may indicate a higher contribution of concerted electron-proton transfer (EPT) pathway for this complex in relation to 3 and 4, since the PT-ET pathway is thermodynamically improbable. It is also important to highlight that the absence of significant KIEs is not an argument against EPT, since this pathway can involve vibrationally excited species. 10, 44 An additional reaction pathway that could be considered is the initial proton transfer after MLCT excitation of 2 (*PT-ET), followed by reduction of the protonated complex, but in this case, a much higher KIE is expected. Moreover, the determined KIE values do not justify by themselves the differences of the k q values between 2 and 3 in bare acetonitrile. Thus, it can be speculated that different solvation effects related to the change ancillary ligand in Re I complexes can lead to different reorganization energies for the electron transfer step, as predicted for out sphere electron transfer reactions. [45] [46] [47] The results evidence that the luminescence quenching of Re I polypyridyl complexes by hydroquinone occurs mainly by reductive electron transfer, followed by proton transfer to complex or to the medium when an appropriate base is present. In the investigated series, higher quenching rate constants were found for complexes 2 and 3 in acetonitrile, which can be explained by a lower energy barrier for the electron transfer in these complexes and also by the increased basicity of coordinated pyrazine and 4,4-bipyridyl after MLCT excitation. The small isotope effects indicate that the electron transfer is the rate-limiting step, thus the changes in the nature of MLCT excited state in 2 and 3 should also affect positively the electron transfer step. Nevertheless, the concerted electron-proton transfer pathway seems to play a hole at high hydroquinone concentrations.
Conclusion
In the present work the influence of the ancillary ligand on the luminescence quenching of fac-[Re(CO) 3 (bpy)(L)] + by hydroquinone was investigated (L = py, pz, 4,4'-bpy and bpa). In this series the redox potentials and the MLCT energies do not vary significantly and, then, it was expected to identify the influence of the protonatable site on the photo-induced PCET chemistry. The results found showed that the major quenching reaction pathway is the reduction of the Re I complexes by hydroquinone by single electron transfer, followed by proton transfer to the protonatable site in the ancillary ligand or to a base present in the medium. In 1:1 CH 3 CN/H 2 O, the observed quenching rate constants are very similar as the water molecules work as proton acceptors and the increased polarity favors the electron transfer step. In bare acetonitrile, complex 2 exhibits the higher k q followed by complex 3. TD-DFT calculations suggest that for these complexes MLCT excitation should lead to an increase in the basicity of the non-coordinate nitrogen atom in the ancillary ligand via intramolecular electron transfer. As a result the driving force for the proton transfer increases. The low H/D kinetic isotope effect observed for the complexes reveals that the rate limiting step involves the electron transfer from H 2 Q to the Re I complexes, but the concerted proton-electron transfer (EPT) pathway seems to play a hole at high hydroquinone concentrations, especially for complexes 2 and 3.
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